The rheological behavior of different precursor poly(p-phenylene vinylene) (prec-PPV) monolayers at the air-water interface was investigated using an interfacial stress rheometer (ISR). This device nicely reveals a transition of the precursor poly(2,5-dimethoxy-1,4 phenylene vinylene) (prec-DMePPV) monolayer from Newtonian to elastic behavior with increasing surface pressure. The transition is accompanied by an increase in the modulus. This behavior coincides with the coagulation of different 2D condensed domains as revealed by Brewster angle microscopy (BAM). However, partly converted prec-DMePPV monolayers show elastic behavior even at low surface pressures, although a sudden increase of the moduli does occur. This phenomenon is attributed to enhanced hydrophobic interactions between the conjugated moieties in the partly converted polymers. The latter also explains the stretching behavior of the partly converted prec-DMePPV upon transfer in Langmuir-Blodgett-type vertical dipping. The increase of the moduli which is observed is much more gradual in the precursor poly(2,5-dibutoxy-1,4-phenylene vinylene), precDBuPPV, a monolayer which is in agreement with the expected expanded state of the latter monolayer.
Introduction
Poly(p-phenylene vinylene) polymers exhibit interesting features due to their π-conjugation, which makes them well-known candidates for several optoelectronic devices. A suitable technique for the assembly of these devices is via a layer-by-layer deposition. 1, 2 In this way, the Langmuir-Blodgett technique offers the possibility of combining different alternating monolayers. To obtain stable monolayers of PPVs, a precursor PPV is spread at the air-water interface, deposited on a substrate, and subsequently converted to the corresponding PPV polymer, 3 see Scheme 1.
The conformation of PPV precursor polymers, and many other flexible polymers, at the air-water interface can be considered either as 2D collapsed coils or as 2D expanded coils. Whether a molecule is in one of these states depends on the interaction balance between internal cohesive forces and polymer-water "adhesive" forces. Temperature, constituents, and main-chain rotation potentials play an important role in this behavior. 4 It is difficult to imagine two different chains at the airwater interface in an "entangled" state such as in 3D. It is even predicted that entanglements in 2D do not exist, even in the expanded state, although simulations show that there can be considerable interpenetration. 5, 6 Together, this produces a picture of the monolayer in which the chains are 2D curled up individually and aggregate together in flat molecularly thick plates. The interaction within these plates, and thus between the molecules, is of the same order as the intramolecular cohesive interactions. In the case of PPV precursors, it has been found before 7 that the segment orientation with respect to the interface was, on average, almost perpendicular, and therefore we assume the π-π interactions dominate in this case. Only with the dibutoxy-substituted precursor was an expanded state formed, in which case it was assumed that the segmental orientation was parallel to the interface. It can be expected that different intersegmental cohesive interactions will result in clearly different rheological behavior of the corresponding monolayers.
Moreover, when chain segment sequences have converted into a semiconducting π-conjugated form, it is foreseen that these elements will exhibit much stronger π-π stacking interactions which connect different chains more tightly than in the case of pure precursor polymers. In the extreme case, these interactions can be considered as intra-and intermolecular cross-links. It was observed in earlier studies that these cross-links give rise to molecular orientation in the monolayers on the substrate, a phenomenon that was observed formerly only by employing rigid rods. [8] [9] [10] Orientation in the current direction is desirable for the optoelectronic efficiency of the assembly. [11] [12] [13] [14] [15] It was observed that the alignment was obtained during the upstroke of partly converted prec-DMePPV monolayers. 16, 17 It was assumed partly converted prec-DMePPV (pc-DMePPV) monolayers form a 2D physical network at the air-water interface due to enhanced hydrophobic interactions of the conjugated moieties. During the upstroke of the transfer process, the physical network is stretched, giving rise to molecular orientation on the substrates, which is referred to as drawing behavior.
In this study, the rheological behaviors of monolayers of prec-DMePPV and 10% pc-DMePPV were compared to verify these results using an interfacial stress rheometer (ISR) and Brewster angle microscopy (BAM). The ISR has proved to be a successful device for the determination of the rheological behavior of monolayers at the air-water interface, 18, 19 and thus for the detection of a 2D (physical) network. 20 Furthermore, the rheological behavior of monolayers of prec-DBuPPV was investigated, which, due to their longer alkyl side chains, show an interesting peculiar behavior.
For these measurements, a magnetic rod, floating at the air-water interface, is oscillated by an oscillating magnetic field. The position of the rod is determined by a photodiode array. The moduli of the monolayer are calculated by comparing the master oscillation of the magnetic coils with the oscillation of the rod. A schematic representation of the ISR is given in Figure 1 .
Experimental Section
The synthesis of prec-DMePPV, pc-DMePPV, and precDBuPPV has been described earlier. 3 It was determined by GPC that the average molecular weights of the precursor PPVs were rather high (M n ≈ 1 × 10 6 , Mw ≈ 3 × 10 5 g/mol). It was found that partial conversion results in a decrease of the number average molecular weight to 2 × 10 4 g/mol.
Polymer solutions of about 0.2 mg/mL in CHCl3, containing one drop of pyridine in 10 mL of solution, to prevent the polymer from oxidizing, were spread at the air-water interface. All experiments performed with 10% pc-DMePPV were carried out under an inert argon atmosphere to prevent interfacial oxidation. 17 The Teflon trough (33.0 * 7.5 cm) was supplied by KSV Instruments and was equipped with a quartz window flush in the bottom of the trough. Two hydrophobic barriers were moved symmetrically to change the surface pressure of the monolayer at the air-water interface. The surface pressure was monitored by a Wilhelmy balance, and all experiments were carried out at 15°C. All measurements were performed at a compression speed of 5 Å per repeating unit per minute, unless otherwise stated. BAM was performed using p-polarized light from a 10 mW argon laser beam set to an angle of 53.1°to the air-water interface. A 50 mm planoconvex lens magnifies the reflected light form the monolayer, and the contrast was enhanced by the use of an analyzer. A more detailed description has been given earlier. 18 Afterward, the contrast as well as the brightness of the photos were increased by 50%.
Results and Discussion
Comparison of isotherms of prec-DMePPV and pcDMePPV led us to the belief that pc-DMePPV forms a more closely packed condensed monolayer due to enhanced hydrophobic interactions.
7 Figure 2 depicts these isotherms in which it is shown that increasing conversion leads to a more compact monolayer. It was confirmed in this previous study that, upon spreading the polymer solution at the concentrations used, no crossovers were formed. 3 Moreover, it was observed that compression speed had almost no influence on the position of the isotherms. Therefore, it was concluded that no pressure gradient builds up during compression. Decreasing the area to The rheological behavior of these monolayers is depicted in Figure 3 . Figure 3a shows the storage modulus G′, and the loss modulus G′′, of a prec-DMePPV monolayer as a function of surface pressure. At low surface pressures, both G′ and G′′ are negligible. Increasing the surface pressure results in a rather strong increase of the moduli. Moreover, the value of G′ exceeds G′′, meaning that a more elastic monolayer is obtained. This is explained by an increase in interactions between the 2D condensed plates upon increasing the surface pressure.
In contrast to prec-DMePPV, 10% pc-DMePPV shows a sudden rise of the storage and loss modulus. Interestingly, the value of G′ exceeds G′′, even at low surface pressures. This means that the monolayer behaves elastic even in this regime. It was also noticed that the moduli at low surface pressures are much higher than in the case of prec-DMePPV. An exceedingly stiff monolayer was obtained by spreading 20% pc-DMePPV on the air-water interface. Quantitative results, however, could not be obtained due to its enormous stiffness, which was beyond the measuring capacity of the equipment. The elastic behavior of 10% pc-DMePPV monolayers can be explained by the enhanced hydrophobic interactions between the 2D condensed plates, resulting in a 2D physical network even at very low surface pressures. The enormous increase of the moduli upon converting prec-DMePPV confirms the increase of the interactions in the monolayer. The hydrophobic interactions in pc-DMePPV can be treated as physical cross-links. The stronger interactions give rise to a more tenacious network. The increase in elasticity is indicated by the increase of the ratio between G′′ and G′, tan δ. This also explains the drawing behavior that was observed upon transfer of the pc-DMePPV monolayer to substrates in earlier studies and which is discussed in the Introduction. It is believed these extra interactions are responsible for the relaxation of the monolayer at the airwater interface and the molecular orientation of the pcDMePPV chains on the substrate during the transfer process.
Returning to the rheological behavior of prec-DMePPV monolayers, Figure 4 depicts the frequency-dependent behavior of these monolayers, in which G′ and G′′ are measured as a function of frequency at different surface pressures. From these figures, we see Newtonian behavior for surface pressure lower than 0.2 mN/m. The moduli are very low; at higher surface pressures, an elastic monolayer is observed. At this and higher surface pressures, the surface moduli are only slightly dependent on the frequency, typical for cross-linked systems. This means a transition from Newtonian to a more rubberlike behavior takes place. An explanation for this transition can be found in the BAM pictures, shown in Figure 5 . The images of the monolayer at the air-water interface show separate domains above 70 Å 2 /repeating unit. These results confirm the suggested 2D-condensed domains of prec-DMePPV mentioned earlier and resemble the domains in similar polythiophene monolayers. 21 Below this area, around 67 Å 2 /repeating unit, the different plates start to touch each other. It was observed that at an area of 60 Å 2 /repeating unit the flowing plates become fixed, which coincides nicely with the area at which the surface pressure starts to increase. Further reducing the surface area causes an increasing packing density, reducing the amount of holes between the platelets, shown in Figure 5c . At this point, the isotherm of the prec-DMePPV monolayer shows a rapid increase, accompanied by a rise of the moduli as a function of the surface pressure. Figure 5d shows that decreasing the surface area further gives rise to a homogeneous monolayer. Subsequent expansion of the monolayer results in breakage into separate plates, and a monolayer similar to the starting conditions is obtained, depicted in Figure  5e . In summary, at low surface pressure, both moduli are determined by the separate floating domains, leading to Newtonian behavior, whereas upon increasing the surface pressure, an increasing amount of interactions between the domains occurs, leading to elastic behavior and an increasingly stiffer monolayer. Figure 6 depicts the results of several creep experiments on prec-DMePPV monolayers, to further elucidate the structure of the prec-DMePPV monolayer. For these creep measurements, the displacement of the magnetic rod as a result of the application of a constant magnetic field and, subsequently, the movement due to relaxation after removing this field are measured. Figure 6a shows that, upon application and subsequent removal, a viscoelastic behavior of the prec-DMePPV monolayer is observed, of which the elastic recovery is around 40%. Upon increasing the surface pressure, more stress is needed to bring about any detectable movement of the rod. The deflection of the rod is, however, a lot smaller. In addition, the elastic recovery is now increased to 60%. The increase in elasticity can be explained by an increased network formation due to enhanced hydrophobic interactions. Figure 6c depicts the creep behavior at 15 mN/m. The stress applied is equal to Figure 6b ; however, this increase in surface pressure results in viscous flow, with only a very small elastic part. This flow is even more pronounced in Figure 6d , in which, again, the stress is increased, and the elastic part is decreased. A possible explanation for the difference between the results depicted in Figure 6b and 6c,d might be the following. First, upon compression of the monolayer, the free volume between the chains is reduced. It can be seen from the isotherm, depicted in Figure 2 , that at 15 mN/m the monolayer is almost in its most condensed state. It is known that reduction of free volume results in more brittle behavior. 22 Because of this reduction in free volume, the monolayer is not able to delocalize the stress induced by the rod, resulting in brittle fracture and subsequently in viscous flow. It has to be noted from Figure 3a that in this regime no significant change in the difference of G′ and G′′ is found. This implies that the amount of hydrophobic interactions, acting as cross-links, is almost equal and can only have a minor effect on the brittle behavior of the monolayer, which is in accordance with literature.
23
It would be interesting to compare the creep behavior of monolayers of prec-DMePPV with 10% pc-DMePPV. Unfortunately, it proved to be very difficult to measure this behavior of 10% pc-DMePPV, due to the high stiffness of these monolayers.
The rheological behavior of a prec-DMePPV monolayer is in sharp contrast with the behavior of prec-DBuPPV. This is in accordance with the model of a 2D expanded state of the prec-DBuPPV proposed earlier. 3 Figure 7a depicts isotherms of a prec-DBuPPV monolayer at different temperatures; the different transitions, calculated by MM2 force field minimizations, 2 Figure 7b . The structural changes of precDBuPPV that are depicted in this figure were confirmed with IR spectroscopy of this polymer at the air-water interface. 3 It was seen that the intensity of the carbonyl peak, which lies in the plane of the phenylene ring, became relatively small with decreasing surface areas, indicating a perpendicular orientation to the air-water interface. Figure 7b shows that compression of the monolayer to around 93 Å 2 /repeating unit results in perpendicular orientation of the butoxy moieties, which explains the first transition in the isotherms. Further compression to around 52 Å 2 /repeating unit leads to perpendicular orientation of the phenylene ring to the air-water interface. At even lower surface areas, one butoxy moiety is pushed into the water layer. Collapse of the monolayer is in this case slightly dependent on temperature; however, it was found that monolayers showed (partial) collapse around 25 Å 2 / repeating unit.
The expanded state of the prec-DBuPPV is confirmed by BAM images shown in Figure 8 . It can be concluded from these figures that prec-DBuPPV spreads homogeneously over the whole air-water interface. Except for Figure 8e , no domains are visible; this means that Figure  8a -d shows a plain gray area in which no transitions can be observed. Furthermore, it can be seen that the reflected light gradually increases with a decreasing area, see Figure 8a -c successively. This indicates a homogeneous increase in density of the chains at the air-water interface. It was observed that at surface areas below 60 Å 2 /repeating unit, the movement of occasional dust particles was drastically hindered. This coincides with the second transition in the isotherm in which the phenylene rings are starting to orient perpendicular to the air-water interface.
Further decrease of the area to 41 Å 2 /repeating unit, followed by an increase of the area, shows that the process is fully reversible. Figure 8c and d depicts this behavior. The small brightness differences in Figure 8e suggest that compression to 29 Å 2 /repeating unit gives rise to double layers, as was also observed in Figure 7a . Figure 9 depicts the rheological behavior of a precDBuPPV monolayer. Again, at low surface pressures, G′ and G′′ are negligible, but, instead of a sudden change in moduli, two different regimes can be distinguished. Up to 10 mN/m, the monolayer becomes increasingly elastic due to van der Waals interactions between the butoxy moieties, or as a result of the increasing penetration of the polymer chains, as mentioned in the Introduction. 5, 6 After the phenylene rings are oriented perpendicular to the airwater interface and the butoxy moieties point out of the water phase, steric interactions between the butoxy moieties decrease. However, π-π interactions between the parallel oriented phenylene rings increase, and consequently phenylene rings approach each other, leading to enhanced hydrophobic interactions, resulting in a more stiff physical network. This leads to an increased slope of the moduli versus surface pressure. At these surface pressures, the moduli of prec-DBuPPV approach the moduli of the prec-DMePPV monolayer, corresponding to the similar, perpendicular, orientation of the phenylene rings at the air-water interface for both monolayers. The deviation results from the disruption of the stacking of the phenylene rings due to the free volume claimed by the butoxy moieties. This behavior is in good agreement with the 2D expanded state of the prec-DBuPPV monolayer suggested earlier and depicted in the isotherm shown in Figure 7 .
Conclusion
In this study, BAM reveals a condensed domain structure of prec-DMePPV monolayers at low surface pressures accompanied by Newtonian behavior. At the moment the monolayer becomes continuous, a crossover of the loss and storage moduli occurs. Partly converted DMePPV monolayers show a more sudden increase of the moduli than monolayers of prec-DMePPV. However, interestingly, even below this increase the monolayer behaves as elastic, indicating that a 2D physical network is formed, caused by enhanced hydrophobic interactions between the longer conjugated moieties. The latter agrees well with the drawing behavior observed upon dipping. This increase of G′ and G′′ is more gradual in the case of prec-DBuPPV monolayers, in correspondence with the expected expanded state of the monolayer and butoxy sidegroup interactions. 
